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EXECUTIVE SUMMARY

This Phase I research program resulted in the synthesis and identification of a
previously unknown set of aromatic phosphonic acid compounds, which
possessed interesting thermal properties. There are very few phosphonate
compounds have been reported that are liquid crystalline in nature.
However, the non-linear optical properties of these compounds were
determined to be unremarkable. Very probably, this is due to a relatively
small dipole between the phosphonate moiety and a distal cyano group.
More specifically, the research yielded the following results: (1) A previously
unknown set of phosphono-substituted biphenyl compounds was
synthesized, and characterized. (2) It was established that this new set of
compounds possessed liquid crystalline properties. (3) Corona poling of the
new compounds in polymer films was carried out to align the liquid
crystalline materials, in order to improve their non-linear optical properties.
(4) The synthesized phosphonates did not exhibit non-linear optical
properties.
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1.0* "STATEMENT OF THE OPPORTUNITY

This Phase I SBIR project was carried out in response to Topic SDIO92-011 under the
heading of Optical Computing and Optical Signal and involved research concerning
innovative organic-inorganic hybrid materials that possess superior nonlinear
optical properties.

It is widely recognized that materials possessing large and fast nonlinear optical
(NLO) susceptibilities have great potential for use in the emerging photonics
industry.18 In fact, materials (for example LiNbO3) which possess useful second
order nonlinearities, B2, are already being applied to optical switching and
frequency mixing applications. It is also clear that if the potential of NLO materials
is to be realized, significant advancements in the magnitude of the observed
nonlinearity will be required. A second area requiring progress is NLO materials
processing.

Much of the NLO research carried out to date has focused upon organic materials,
and there are very good reasons why this is so. Compared to inorganic crystalline
materials, like LiINbO3, organic materials offer the distinct advantages of large
susceptibilities, high laser damage thresholds, faster response times, and a versatility
of molecular modifications. It would also seem clear that the key to obtaining a
large second order hyperpolarizability, B, is to synthesize materials with specific
stereochemistries. In essence the problem distills down to one of stereochemical
control during the synthetic process. A number of interesting and partially
successful attempts to achieve this goal have been carried out, including the use of
liquid crystalline solvents to prepare organic NLO materials, the use of orientational
fields, Langmuir-Blogett films, and others. The use of templates for the
stereochemical induction of NLO materials is a research area that is just beginning
to be explored.

The study of inorganic-organic hybrid materials as template-NLO materials is an
area that is in its infancy, but it is also an area that has great potential. The primary
objective of this Phase I research program was to demonstrate the feasibility of
preparing organic-inorganic hybrid materials that possess interesting non-linear
optical properties. More specifically, this Phase I SBIR program investigated the
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feasibility of preparing lamellar liquid crystalline-phosphonate metal oxide
composites with superior nonlinear optical properties.

2.0 TECHNICAL APPROACH & SUMMARY OF THE PHASE | WORK
2.1  Underlying Basis of the Technical Approach

The technical approach was to use the known high structural order of intercalating
metal oxides as templates for synthesizing inorganic-organic hybrid liquid
crystalline nonlinear optical materials. Basically the intercalating metal oxide
served as a crystalline framework which forced the liquid crystalline component
into a very highly organized and defect free state. The basic concept is shown
graphically by the following artwork:

Metallo-oxy
Liquid Crystal ﬂ
Phosphonate
Layer

Metallo-oxy
Liquid Crystal
Phosphonate ﬁ
Layer

Connection to O Oxygen
Phosphorous

* Phosphorus Mesogen

The liquid crystalline portion of this complex molecule is closely related, chemically,
to materials that are known to have useful and interesting NLO properties. What
had not been heretofore investigated was making this type of hybrid organic-
inorganic species. In fact, the vast majority of research to date has focused upon
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organic materials, and very little work had been done upon hybrid inorganic-
organic materials. The proposed liquid crystalline-phosphonate metal oxide
composites were previously unknown.

There were two fundamental questions which had to be answered. First, could
complex and intermixed organic-inorganic composites be readily synthesized?
Second, did they have useful NLO properties, and how did they compare with the
NLO properties of simple liquid crystalline materials? The answer to the first
question is yes. Although the specific intermixed materials to be synthesized had
not previously been prepared, this research has demonstrated that the proposed
layered inorganic-organic complexes are accessible.

Unfortunately, the answer to the second question appears to be no, although the

chemical similarity between the basic liquid crystalline phosphonate moiety to be
used in this research, structure 1, and the known liquid crystalline species, 2, is

0
OO

NC P
v OH

apparent.

2.2 Specific Technical Objectives

The primary objective of the Phase I research program was to demonstrate the
feasibility of preparing lamellar liquid crystalline-phosphonate metal oxide

composites with superior nonlinear optical properties. In order to demonstrate the
feasibility of the concept, the Phase I research focused upon answering the following
fundamental questions:
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* Can the previously unknown liquid crystalline phosphonate monomer, 1,

be readily synthesized?

* Does the phosphonate monomer 1 form an intercalating lamellar
composite within a metal oxide structure?

* What are the physical and liquid crystalline properties of the novel
materials?

* What are the optical properties of liquid crystal 1 and the final composite,
and how do they compare with established nonlinear optical materials?

Answers to all of these questions have been obtained during the Phase I program.
The results are described in Section 3.0, which follows.

3.0 PHASEIRESEARCH CARRIED OUT

The Phase I research was split into two three fundamental parts. The first part dealt
with the synthesis and characterization of phosphonate 1, and its derivatives.
Section 3.2 reports on the liquid crystalline properties of the synthesized materials,
while Section 3.3 describes the non-linear optical experiments, and results. Sections
3.4 and 3.5 detail the experimental and analytical procedures used throughout the
program.

3.1  Synthesis of 4-Cyano-4'-Phosphonato Biphenyls

A couple of different synthetic routes to the desired phosphonato compounds were
evaluated during the feasibility test program. As described in the original proposal
the structural similarities between 1 and known liquid crystals suggested that 1
might be liquid crystalline as well.

0]
== == Il OH

"N\ Py

1
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Both routes to 1 began with 1,4-dibromobiphenyl, a low cost starting material. One
route went through a sequence of conversion to the Grignard reagent, followed by a
sequential conversion to first the corresponding carboxylic acid, then the amide, and
finally to the desired nitrile. This route was :bandoned for a number of reasons. A
four step synthesis from the dibromo compound to the bromo-cyano compound
was prohibitive. In addition, the yields were poor. An alternative route took the
dibromobiphenyl directly to the bromocyanobiphenyl in one step.

The synthetic route is shown below, and involved simply taking 4,4'-
dibromobiphenyl directly to the bromocyanobiphenyl in one step. 4,4'-
dibrombiphenyl was reacted, in dimethylformamide, with copper cyanide at reflux.
Separation of the products was accomplished with a combination of
recrystallization, column chromatography, and/or sublimation.

— CuCN
OO = OO
\ / DMF

Compound 1 results directly from the reaction of the 4-bromo-4'-cyanobiphenyl in

an Arbuzov type of reaction as shown in the first step in the scheme below.
Although in general aromatic compounds do not undergo the Arbuzov reaction at
all, the presence of a catalytic amount of nickel (II) chloride facilitates the
transformation.
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170°C
I-Si(Me);
I?@OH H,O ﬁi\\\OSi(Meh
P, D JEE— NC P
NC h ] OH / \ / ‘OSi(Me);

ZnC12

I? N0
NC P Znt?
o

The reaction conditions are relatively harsh, however, and require that the nickel
(II) chloride be pre-dried, and that the reaction be run neat. A number of
experiments were run in which solvents were used, however, these reactions
simply did not go to completion.

The diester product was converted into the corresponding trimethylsilyl
phosphonate ester by reaction with iodotrimethyl silane, which in turn, is easily
converted to the phosphonic acid by hydrolysis with water to yield the desired
product 1. The synthesis of the metal ion salt derivatives of 1 was carried out by
simply doing the hydrolysis step with aqueous solutions of the desired salt, shown
above for the example of zinc. Once again standard recrystallization and/or column
chromatography procedures were used to purify the products.
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3.2  Liquid Crystallinity & Thermal Properties

As hoped, the new phosphonate compounds were found to be liquid crystalline
materials. It was also found that the various phosphonate compounds gave the
same thermal scans, suggesting that the observed thermal properties were due to the
substituted biphenyl groups and were virtually independent of the P-O-X moiety.
Differential Scanning Calorimetry (DSC, run on a Perkin Elmer Delta Series DSC?7,
see Section 3.5 for the procedural details) measurements showed multiple
transitions, as expected for liquid crystals. Figures 1-6 demonstrate results which are
representative of the experimental program. ’
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Figure 1: DSC Scan of 4-cyano-4'-diethylphosphonate biphenyl - Heating
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Figure 2: DSC Scan of 4-cyano-4'-diethylphosphonate biphenyl - Cooling

Figures 1 and 2 are the heating and cooling curves for ester compound, 4-cyano-4'-
diethylphosphonate biphenyl, respectively. Figures 3 and 4 are the corresponding
curves for the phosphonic acid, compound 1. Figures 5 and 6 are the results for the
zinc salt. The three sets of figures are very similar in that they show a series of small
thermal transitions, which typical of liquid crystalline behavior. An examination of
the cooling curves shows three transitions between 106-110, 148-153, and 170-180°C.
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12




confidential proprietary information

-3 T PEAK FROM: 9B.7763
TO. 114,238
ONSET= 110.12
J/GRAM= . 315 / 1
-'r
PEXK\GROM: 117. 029 '
. 155. 675 \

) DNSET= 151° i PEAK= 178. 663
2 Y J/GRAM= 3,975 ! !

[
PEAK FROM: 175.G12 "‘V\,\, /
TO: 188,076 h /

T  ONSET= 180. 411
J/GRAM= 285 A 4

PEAW= 107, 933
i + kA_\l\

\

(MW

FLOW

HEA

PEAK= 1950. 1898

—4 B . - . -- v v .-t - s 4
30.00 53.0C 70.00 93.02 110,02 135.00 156.0C i70.08 180,00 21G.G0

letes Jul 3C, 1893 i1:40p Tamparctura (C)

iconning Rate: -—10.0 CT./min

iample Wt:  1.000 mg Dieri ACEB Y-

. 90 e . y e eV
Tle: 51:02 MHY-iL5--1. TTMG P A IngatV St RV

(SN

Figure 4: DSC Scan of 4-cyano-4'-phosphonic acid biphenyl - Cooling

13

HE BE I N AE T N S S GE Oh B BE BE BN BN B B e
+

230, %




confidential proprietary information

[¥ 43

L2357  pEAK FROM: 64.6858
0. 100. 322

Hl ONSET= 81,5614
i J/GRAM= 10.6171
1
= PEAK FROM: 126.55
< TO: 15B.18;
PEAK= 80.078
” ONSET= 134,516 / [ | ChK= 80.0781
L T+ -
; \.-!' RAM= 1, 2601
. .
Q
- T
e !
u
o
35 1
, K~'140.781
T
Nl
2 - ' i ] ] )- ' ! [ ]
52.39 70,08 99,05 15,09 135.3C .95.89 TL.08 18€.50 2:6.02 230,53
Datar Aug 10,1893  i:G3pm Temparatura(C)
Scarning Rate: 190.0 C/min
Sampla Wer 3,940 mg Dight ACED yr—r e sy s g s e
iler 51203 Hi-3. GANE CDELTA BERIFS D80T

Figure 5: DSC Scan of 4-cyano-4'-phosphonic acid biphenyl, zinc salt - Heating

14

ann pr
RS RS




confidential proprietary information

.
]
)
|
1i
!
i
!
I
|
!
!

—
n
w

R G S
-

PEAK FROM: 100. 462 -

i}}___q"-ﬂ;‘,:ﬁ ... %

!
% J/GRAM~ . 32701 .
i

PEAK FROMs 132.241

(¢ ¥)]

) o 48 389
e R A8 514
. 483503 4

54
i
§

PEAK FROMs 1

oo TO8 168.6
RONSEXZRRIMI 227
J/GRAM= . 86073

HEAT FLOW

!
L3175 4 } PEAK= 104.

PEAK-"r'l 46. 661
+ PEAK= 168. 842 -

o e e e e ey Sy e L [N ' . -
50,33 72.00 5. 00 1:6.68 .30.00 i53.20 170,85 .8C.8C 2:C.05 235.C2
Cata: Aug 10,1893  1:20pm Ternerature (T)
Scanning Ratar -10.0 C/min
Sample Wt: 3,340 mg Disks ACES e e ey pe et e
Files 5120% =3, $4MG Vo B Jad e BRI

Figure 6: DSC Scan of 4-cyano-4'-phosphonic acid biphenyl, zinc salt - Cooling

The corresponding heating curves also indicate liquid crystalline activity, and as
expected, the peaks are shifted significantly from those of the cooling curves.

The associated energies of phase transition were between about 0.3 Joules/gram and
20 Joules/gram. These values are typical for liquid crystalline transitions.

3.3  Nonlinear Optical Measurements & Results

SHG is a special case of frequency mixing which occurs when light waves of
frequency w passing through an array of molecules interact with them in such a way
as to produce coherent light waves at 2 . Nonlinear optical (NLO) effects occur at
the molecular level in the dopants due to a deviation from a harmonic electronic
potential energy. Typical dopants have a conjugated n-electron system with an
electron donor and electron acceptor on either end, creating a large molecular

15
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hyperpolarizability, B, along the transition dipole axis. Second-order NLO
properties, including SHG, are described by the second-order macroscopic
susceptibility, x (@), tensor in the relationship for the bulk material polarization, P:

P =M ¢+ E(w) + %2 : E(@E() + 33 : E(WE(®E(W) + ...... (1)

where E(w) is the optical field incident on the sample, and the susceptibility tensors
x™ measure the macroscopic compliance of the electrons. Since the second-order
polarization is proportional to the square of the optical field, SHG is zero in a
centrosymmetric system. Thus, to induce SHG, NLO dopants must be oriented
noncentrosymmetrically in the polymer matrix; this is typically achieved by electric
field poling.

Under normal poling conditions pEzfz" is small compared to kT, where p is the
dipole moment of the dopant, Ez° is the applied dc-poling-field, {z" is a local field
factor, k is Boltzmann's constant and T is absolute temperature)

x(2) ~ NE°[up/5kT + 4] @)

where N is the number density of chromophores, B is the molecular second-order
nonlinear hyperpolarizability and y is one-fifth of the molecular third-order
nonlinear hyperpolarizability. The first term in brackets in equation (2) is due to
orientation of the NLO chromophores while the second term, v, is due to electric-
field-induced third-order effects which appear instantaneously (<10-12 sec) upon
application of the dc-field, and disappear instantaneously upon its removal. The
relative contribution of y to the overall values of x(2) depends on the chromophore
used, not on the polymer in which it is doped.

During SHG experiments, the SHG intensity, I(2w), is measured. It is proportional to
the square of x(2). Thus, in order to increase the steady-state SHG signal, several
strategies may be employed. The number (or molar) concentration of the dopants in
the polymer may be increased, the dc-field may be increased, the temperature may be
decreased or the quantity puf3 may be increased by use of a different dopant.

16
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As measured relative to our quartz reference, the variously prepared biphenyl
phosphonates, including the diethyl ester and the free acid, showed no SHG
intensity, either with the electrical field applied or immediately after its removal,
beyond the background noise of the photomultiplier. For the conditions tested (3
wt.% dopant, etc), the value of (2 achievable in these samples is approximately a
factor of 200 or more times smaller than that achievable with Disperse Red 1 (also at
3 wt.%).

3.4  Experimental Procedures
All chemicals were purchased from the Aldrich Chemical Co., Milwaukee, WI.
Synthesis of 4-bromo-4’cyanobiphenyl

4,4'-dibromobiphenyl (3.5g, 10.2mmole) and copper (I) cyanide (0.98g, 10.2mmole)
were dissolved in 120mL of dimethylformamide (DMF), and refluxed for 24 hours.
A stock solution of 200g FeCl3-6H0, 50mL HCl{(concentrated), and 300mL H20O was
prepared. The latter solution was added to the cooled DMF reaction solution, and
the total was heated to 65°C for twenty minutes. This solution was then extracted
with successive 200mL aliquots of toluene. The combined toluene extracts were
washed successively with 300mL 10% HCl, 150mL water, 300mL 5% NaOH, 300mL
water (twice), and then dried over MgSO4. The toluene was removed in vacuo
leaving a yellow solid. The melting point of the crude solid was determined to be
150-152°C. FTIR analysis showed a definitive absorption, due to the -CN moiety, at
2227cm1. The IR of this product is shown in Figure 7. Purification of the crude
product was performed by recrystallization from dichloromethane or chloroform, or
column chromatography.

17
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Figure 7: FTIR of 4-bromo-4'cyano biphenyl
Synthesis of 4-cyano-4'-diethylphosphonatobiphenyl

Nickel chloride was dried for 24hrs at 150°C. 4-bromo-4'-cyanobiphenyl (2g,
7.75mmole) and NiClp (0.05g, 0.2mmole), were placed in a three neck round bottom
flask and purged with N2. The mixture was then heated, under Ny, to a bath
temperature of 170°C, at which point the biphenyl compound was liquified.
Triethyl phosphite (1.33g, 8.0mmole) was then added dropwise very slowly with
stirring. The reaction was observed to have an incubation period of =30 seconds,
and the reaction was quite exothermic.

After the phosphite addition was completed, the mixture was kept at the same
temperature for thirty minutes. The crude product was purified by recrystallization
from chloroform. Definitive IR (see Figure 8) absorptions were: 2227 cm-! (-CN),
1248 cm-1 (-P=0), 966-1024 cm-1 (-P-O-).

18
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Figure 8: FTIR of 4-cyano-4'-diethylphosphonatobiphenyl

Synthesis of 4-cyano-4'-phosphonic acid biphenyl & the Metal Ion Salts

The reaction procedure was carried out under an inert atmosphere. 4-cyano-4'-
diethylphosphonatobiphenyl (0.5g, 1.59mmole) was dissolved into 20mL CCly (pre-
distilled from P20s). Iodotrimethylsilane (1.28g, 6.34mmole) was slowly added to
the CCL4 solution, with stirring. After 30 minutes, the reaction mixture was heated
to drive off the volatiles. 4 mL of H>O was then added resulting in a change from an
orange to a yellow color. The solution was stirred for an hour, and the liquids
removed in vacuo. The yellow residue was recrystallized from
dichloromethane/heptane. The IR spectrum, Figure 9, gave the expected somewhat
broad absciption at =2900-3050cm-! typical of phosphonic acids, as well as the CN
absorption at 2227cm-1.
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Figure 9: FTIR of 4-cyano-4'-phosphonic acid biphenyl

Mg*2, Zn*2 and Fe*3 phosphonic acid salts were prepared as described immediately
above, with one exception. The water added to the CCly solution contained a ten-
fold molar excess of the appropriate metal ion salt, either the chloride or sulfate salt.
This addition resulted in the precipitation of the phosphonic acid salt as a yellow or
off-white solid. FTIR analysis of the products were similar to that of the simple acid.

3.5 Analytical & Testing
Infrared Analyses
The progress of the various reactions described, as well as all liquid product
characterizations, were performed using conventional infrared analysis between

polished KBr plates or liquid cells. Solid samples were characterized by Diffuse
Reflectance using Fourier Transform Spectroscopy (DRIFTS), with a Perkin Elmer
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Model 1600 FTIR equipped with MIR, Diffuse Reflectance and Fixed Angle Specular
attachments. DRIFTS is an excellent technique for samples which are in a powder
form. The technique involves dispersing the sample as a 3-5% mixture in
spectroscopic grade KBr. When radiation impinges on the sample, the scattered
radiation contains absorption information characteristic of the sample. This
technique has the advantage of rapid sample preparation and high sensitivity. For
purposes of this Phase I research approximately 256 scans were taken on each sample
and averaged to insure that a high signal to noise ratio was obtained, resulting in
smooth, well resolved spectra.

Latent Heats

Differential Scanning Calorimetry (DSC) analyses were carried out using a Perkin-
Elmer model Delta Series DSC7 at a scanning rate of 10 or 20°C/min. All heating
and cooling curves were normalized to a sample weight of Img. DSC data analysis
was accomplished on a Perkin-Elmer model 3700 Data Station equipped with a
Perkin-Elmer TAC 7/3 Instrument Controller and a Perkin-Elmer Graphics Plotter 2.

Corona Poling & Nonlinear Optical Measurements

PMMA (Scientific Polymer Products) was used as received. Disperse Red 1 (Aldrich)
was recrystallized using toluene. (Structure of Disperse Red 1 is given in Figure 10.)
Other dopants provided to us were used as received. Polymer + 3 wt.% dopant was
dissolved in spectroscopic grade chloroform and spin coated onto a quartz substrate
which was patterned with planar chrome electrodes using standard
photolithographic techniques. The gap between the two electrodes was 800 pm. The
films were dried below the glass transition temperature, Tg, of the polymer (~100°
C) for 24 hrs and above Tg for 12 hrs under vacuum. The final film thickness was
0.85 um. Films were poled using either 1200 or 2400 volts across the 800 um gap
resulting in an electric field of 15 or 30 kV/cm. Steady-state SHG intensities were
obtained by poling the samples above Tg (where steady-state conditions are reached
in a matter of seconds) and then cooling to 35°C. Measurements are reported at
35°C.
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Figure 10: Structure of Red Disperse 1

Figure 11 shows a schematic of the SHG measurement apparatus. The laser light is
generated by a g-switched Nd:YAG laser at 1.064 pm. The beam is p-polarized and
split so that a y-cut quartz reference, used for monitoring laser power, and the
sample are measured simultaneously. A photomultiplicr and integrator collect and
analyze the emergent SHG light (at 532nm), and the optical signal is ratioed against
the quartz reference in order to eliminate any issue concerning fluctuations in laser

power.
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Figure 11: Laser System used to Make the SHG Measurements

4.0 RESEARCH RESULTS & ASSESSMENTS

The Phase I research has resulted in the synthesis and identification of a previously
unknown set of aromatic phosphonic acid compounds, which possessed interesting
thermal properties. More specifically, the research yielded the following results:

* A previously unknown set of phosphono-substituted biphenyl compounds

was synthesized, and characterized.
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* It was established that this new set of compounds possessed liquid
crystalline properties.

* Corona poling of the new compounds in polymer films was carried out to

align the liquid crystalline materials, in order to improve their non-linear optical
properties.

* The synthesized phosphonates did not possess non-linear optical
properties.

5.0 CONCLUSIONS & RECOMMENDATIONS

The Phase I research resulted in the synthesis and characterization of a previously
unknown, and interesting set of aromatic phosphonic acid compounds that possess
liquid crystalline properties. There are very liquid crystals that have been reported
that are liquid crystalline in nature. However, the non-linear optical properties of
these compounds were determined to be unremarkable. Very probably, this is due
to a relatively small dipole between the phosphonate moiety and the cyano group.
Based upon these results a Phase II program is not warranted, and therefore is not
recommended. Nevertheless, interesting ideas and research work suggest
themselves. Some of these ideas will undoubtedly be pursued in the future.

6.0 POTENTIAL APPLICATIONS

There is a great potential, both commercially and within the Federal Government,
for high performance nonlinear optical materials. Potential applications include,
but are not limited to, switches, modulators, guided wave devices, oscillators and
harmonic generators. However, recent years have witnessed a plateau in the
improvement of these materials.
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